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, and Michael A. Carlo 1 Flawed, wasteful, unnecessarypolitical conservatives regularly use these labels to denigrate graduate education in the United States [1, 2] . Emboldened by the vitriolic rhetoric coming from the White House and beyond, new waves of conservative assaults threaten to erode this pillar of higher education. Components of the Tax Cuts and Jobs Act (Pub.L. 115-97, 2017) that would have made graduate education unviable for all but the wealthy and privileged few -or those willing to incur exorbitant debt -were ultimately defeated in the US Congress. However, this legislative agenda and other such nefarious actions (e.g., the "Professor Watch List", the PROSPER Act (H. Rept. 115-550, 2017)) betray an alarming ignorance of the benefi ts provided by graduate students and an invigoration of those holding contempt for higher education and the students pursuing it.
Politicization of the pursuit of higher learning obscures the many contributions made by graduate students. In the face of growing distrust and trivialization of graduate education, we here outline some of the indispensable services that graduate students -particularly those working in the STEM fi elds -provide to universities, undergraduate populations and society as a whole (Figure 1 ). With this argument, we aim to dispatch the puzzling and persistent sentiments that the work of graduate students is wasteful and does not translate into tangible benefi ts.
Benefi ts to universities
One benefi t that graduate students provide to universities is to sustain the research funded by external organizations, governments, NGOs, foundations and the like. This funding provides a steady revenue stream of overhead payments to help cover the costs for research infrastructure and general operating needs of the universities themselves. For instance, federal grants supporting research at Harvard Medical School are subject to My Word a 69.5% facilities and administration charge [3] . While the lion's share of these funds comes from grants awarded to well-established researchers, the execution of research plans would be diffi cult without the graduate student (and technician) workforce. Reduced graduate student numbers thus could stymie the fl ow of private and federal monies into university coffers.
In addition to large grants going to principal investigators, graduate students themselves bring in signifi cant funds to their institutions. In 2017, the National Science Foundation (NSF), for instance, awarded approximately $24 million to colleges and universities in the form of 'cost-of-education allowances' for awardees of the Graduate Research Fellowship Program. Universities benefi t, both politically (in reputation) and monetarily (via overhead), when graduate students are awarded these grants, despite cries of "unworthy" spending from members of Congress, such as Representative Lamar Smith (R-TX), Chair of the House of Representatives Science Committee. Devaluing graduate students devalues graduate school. If the university environment becomes untenable for innovative and impactful research, then university administrators can expect an exodus of academicsalong with their prestige and overheadto private industry.
Beyond the cessation of cash fl ow from grants, universities' bottom lines likely would suffer if they lose the cheap, but highly-skilled, labor that graduate students provide to STEM departments. The clearest examples of these services can be found in the teaching laboratories across the nation. For instance, in the Department of Biological Sciences at Clemson University, a public university in South Carolina, the starting salary for a graduate teaching assistant is $21,000 (since August 2017). However, this precludes graduate school fees, which totaled $2,865 for the 2017-2018 academic year. As such, Biology graduate teaching assistants take home $18,135 per year, or $348.75 per week before taxes. If a graduate student works 50 hours per week (i.e., 20 hours teaching plus 30 hours of research, which is a typical workload for graduate teaching assistants), they will earn $6.98/hour -$0.27 below the federal minimum wage. Shockingly, the pay that biology graduate teaching assistants Current Biology 28, R847-R870, August 20, 2018 © 2018 Elsevier Ltd. R851 at Clemson earn is more than that of graduate teaching assistants in other disciplines and at many other universities for the same teaching effort [4, 5] . The US Bureau of Labor Statistics claims a mean graduate teaching assistant stipend of $37,720 based on 2,080 annual work hours (40 full-time hours a week) [6] ; when adjusted for the typical 20-hour weekly pay base of a graduate teaching assistant, the national average for graduate teaching assistants in biological and biomedical sciences is realistically $18,334, or $16,035 across all disciplines (not including required fees that deduct from the stipend) [5] . During an average week at Clemson University graduate students contribute well over 40,000 hours of research and teaching, a workload equivalent to over 1,000 full-time employees [7] . Will academic institutions be able to foot the bill for full-time instructors and technicians necessary to cover the work of teaching assistants if funding restrictions prevent people from entering graduate school? Based on the 25-50% teaching load carried by teaching assistants at such a low fi scal burden across most universities, we think not.
Benefi ts to undergraduate education
Reduced revenue to university overheads is likely of least concern to strident opponents of public funding towards graduate education. However, most will recognize the importance of benefi ts that we afford to undergraduates, regardless of on which side of the argument one resides. Many graduate students lead review sessions and hands-on laboratory activities, which represent an invaluable resource to students who benefi t from active engagement. With shifts toward virtual classrooms, pre-recorded lectures and streamlined communication, students can lose the individualized attention necessary for comprehension and growth if federal policy changes limit access to graduate education [8] . Moreover, undergraduates typically perceive graduate student instructors as more approachable than faculty, better in touch with the academic demands placed on students and more accessible both online and in person [9] . Undergraduates report that learning from graduate instructors is easier than from faculty, due to the graduate students' interpersonal skills and relatability [9] .
Such hands-on, accessible training is critical throughout the STEM fi elds, where graduate students are heavily involved in training the next generation of scientists, doctors and engineers. For example, laboratory and technical training during undergraduate biomedical studies enables the development of procedural skills that serve to improve performance following graduation [10] . Graduate students also manage the hordes of health science, biology and biomedical majors graduating from US institutions every year, which account for nearly 20% of bachelor's degrees awarded annually in the US [11] . A consequence of defunding graduate students may include decreases in the numbers of health sciences majors, which could constrain the number of students entering medical professions. This may exacerbate an already glaring problem in the US where hospitals are facing a nursing shortage, with 80% of hospitals posting nursing vacancies in 2017 [12] . The demand for nurses, many of whom receive their initial hands-on biology training in labs run by graduate students, will only increase as morbidity in baby boomers climbs [13] . Legislators who oppose graduate funding would do well to remember that these same undergraduates trained by graduate teaching assistants will go on to care for older, sicker loved ones and even the legislators themselves.
Benefi ts to society
Society as a whole reaps the benefi ts of graduate education (Figure 1 ). Between 1996 and 2015, the transfer of technologies developed in academia to outside industry contributed $1.3 trillion to US gross industrial output and added $591 billion to the US GDP [14] . This work has supported the creation of 4.3 million jobs held by people of diverse backgrounds and political beliefs [14] . In 2016 alone, technology transfer from US universities resulted in the creation of 800 new products and 16,487 new patent applications [14] . At Clemson University, for example, 40% of named inventors on patents issued to the university were graduate students [7] . Without their work, local and national economies might have failed to capitalize on those discoveries.
In addition to economic gains, the intellectual contributions of graduate students provide innovative and creative solutions to society's most pressing issues. In the face of global threats, such as food shortages, emergent diseases and antibiotic resistance, we cannot afford stagnation in the sciences or in our ability to remain competitive in the fi elds of energy, transportation, communication and health. Innovative 
Figure 1. Examples of academic and societal benefi ts of graduate education.
Graduate students are a cornerstone within the current structure of many institutions of higher learning in the United States. This theoretical network represents contributions of graduate students to academia and the benefi ts provided to society writ large.
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breakthroughs and the advancement of knowledge are the goals, and often accomplishments, of graduate students. Take, for example, the contributions of graduate students to this journal. From April 2017 to April 2018, graduate students held the fi rst author position in approximately 30% of Articles and Reports in Current Biology. In the May 2017 issue (Volume 27, Issue 10), six out of 18 manuscripts were fi rst-author publications from graduate students. These manuscripts ranged in topics from sensory neuroscience to the evolution of fi lter-feeding baleen whales.
Had we included papers where the data originated during graduate studies, then the proportion of papers produced by graduate students would have constituted over half of the manuscripts featured in this issue of Current Biology. The general public requires tangible examples of how the work of graduate students -and often public tax dollars -can improve their lives. The work of Dr. Carolyn Greidner serves as a notable example. As a doctoral student at the University of California at Berkeley, Greidner worked alongside her advisor, Dr. Elizabeth Blackburn, to discover the enzyme telomerase. Their work profoundly advanced therapies for ageing, anemia and cancer, for which they received the Nobel Prize in Physiology or Medicine in 2009 [15] . Another example can be found in the infrastructure of the city of Atlanta, Georgia, US. As a master's student at the Georgia Institute of Technology, Ryan Gravel developed the thesis project that would later become the BeltLine in Atlanta [16] . Today, this project links 45 Atlanta neighborhoods, providing transit and recreation services for people living in metro-and downtown Atlanta. The economic benefi ts of this project are clear: $10-20 billion in projected economic development and over 30,000 permanent and 48,000 temporary jobs [17] , with $3.7 billion attributed to the Eastside Trail and Historic Fourth Ward Park components as of May 2017 [18] .
Skeptics might challenge our claims, seeking out examples that dispute the salience of graduate education [1] . We encourage these opponents of graduate education to present their evidence-based arguments. Interestingly, the task of compiling such counter-arguments has been streamlined by the work of two doctoral students within the Graduate School of Computer Sciences, at Stanford University: Larry Page and Sergey Brin. With fi nancial support from the NSF, Page and Brin designed the components, via their PageRank method, which revolutionized how we navigate the internet [19] . Their work has enabled critics to repudiate our claims by simply 'googling' examples. The irony is glaring.
Conclusion
In summary, our position is this: myopic attacks on and threats to defund graduate education-and graduate students in particular-must stop because the services provided to universities, undergraduate students and society are indispensable. To be clear, the current system for graduate education is far from perfect. We agree that graduate student workers should receive wages and benefi ts that are commensurate with their work. Notwithstanding these fl aws, politicians must act more effectively for the best interests of all of their constituents, including those that do not value graduate education. To that effect, universities, professional institutions and political organizations must take action: lobby for policies supporting graduate students within university systems, which will draw positive attention to their contributions; improve public access and awareness of academic products in order to ensure the understanding of public benefi ts through tax dollar investments; protect incentives to pursue advanced degrees, enabling opportunities in graduate education for those that seek to pursue it; and highlight how education can bolster social and economic mobility. It may be true that a four-year degree and post-baccalaureate education is not necessary for every citizen to contribute to academic, industrial and societal advancements. But if such attacks become effective in deterring people from pursuing advanced degrees in the STEM fi elds, who will fi ll these roles? As a labor pool and a tenacious intellectual force, graduate students need stronger support from our representatives within our universities and throughout our government.
